The type II transmembrane serine protease family consists of 18 closely related serine proteases that are implicated in multiple functions. To identify selective, inhibitory antibodies against one particular type II transmembrane serine protease, matriptase [MT-SP1 (membrane-type serine protease 1)], a phage display library was created with a natural repertoire of Fabs [fragment antigen binding (Fab)] from human naïve B cells. Fab A11 was identified with a 720 pM inhibition constant and high specificity for matriptase over other trypsin-fold serine proteases. A Trichoderma reesei system expressed A11 with a yield of ∼ 200 mg/L. The crystal structure of A11 in complex with matriptase has been determined and compared to the crystal structure of another antibody inhibitor (S4) in complex with matriptase. Previously discovered from a synthetic singlechain variable fragment library, S4 is also a highly selective and potent matriptase inhibitor. The crystal structures of the A11/matriptase and S4/ matriptase complexes were solved to 2.1 Å and 1.5 Å, respectively. Although these antibodies, discovered from separate libraries, interact differently with the protease surface loops for their specificity, the structures reveal a similar novel mechanism of protease inhibition. Through the insertion of the H3 variable loop in a reverse orientation at the substratebinding pocket, these antibodies bury a large surface area for potent inhibition and avoid proteolytic inactivation. This discovery highlights the critical role that the antibody scaffold plays in positioning loops to bind and inhibit protease function in a highly selective manner. Additionally, Fab A11 is a fully human antibody that specifically inhibits matriptase over YJMBI-63418; No. of pages: 17; 4C: 4, 6, 8, 9, 10 doi:10.1016/j.jmb.2011.11.036 J. Mol. Biol. (2011 other closely related proteases, suggesting that this approach could be useful for clinical applications.
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Introduction
The use of antibodies as therapeutics has increased significantly over the past decade. 1 The high specificity and tight binding characteristics commonly attributed to antibodies give them enormous potential as therapeutics. This specificity allows for precise targeting of protein functions, which helps minimize side effects resulting from off-target binding. Currently, therapeutic antibodies in clinical use function through three modes of action: (1) as inducers of immune system cytotoxicity, (2) as carriers of a specific cytotoxic agent, and (3) as inhibitors of the target protein function. 2 To date, the majority of therapeutic antibodies have fallen into this last group, acting as antagonists of proteins in disease-related signaling pathways such as Avastin for vascular endothelial growth factor, Erbitux for epidermal growth factor receptor, and Humira for tumor necrosis factor. 1 With the combination of selectivity and a large binding footprint, antibodies have proven to be ideal for creating sufficient steric hindrance by direct or indirect means to block ligand/receptor interactions, thereby inhibiting downstream signaling cascades and functions involved in disease progression.
Many diseases are dependent upon dysregulated enzyme function for their pathogenesis. Proteases, in particular, have been implicated in a number of functions essential for cancer progression from extracellular matrix remodeling and release of cytokines to loss of apoptotic response. [3] [4] [5] For example, certain members of the type II transmembrane serine protease family are thought to play a role in cancer progression. 5 The localization of these proteases at the extracellular surface of the plasma membrane suggests their involvement in the regulation of cellular signaling events. One protein from this family that is of specific interest is MT-SP1 (membrane-type serine protease 1) or matriptase. 6 Matriptase is over-expressed on the surface of epithelial cells involved in breast, colon, and prostate cancers. This protease is involved in the activation of other proteases, growth factors, and receptors, all of which result in extracellular matrix remodeling, angiogenesis, and invasive growth. [7] [8] [9] [10] Protease activity is normally regulated posttranslationally by zymogen activation, cofactor binding, or expression of cognate inhibitors. These cognate inhibitors often compete with substrates for binding to the protease substrate-binding pocket. Since these binding pockets are generally conserved among members of a family of proteases, using the macromolecular scaffold of cognate inhibitors to achieve selective inhibition of a single protease is difficult. Therefore, recent studies have instead investigated the use of antibodies as selective inhibitors of protease function in the clotting cascade and cancer. [11] [12] [13] [14] [15] [16] These antibody inhibitors block substrate binding through steric hindrance or cause conformational changes after binding at allosteric sites. 11, 13, 14, 17 Additionally, the molecular basis of inhibition for some of these antibodies has been determined from the crystal structures of the antibody/protease complexes for matriptase and hepatocyte growth factor activator (HGFA). [16] [17] [18] These structures show that the interactions with protease surface loops are necessary for antibody specificity, while the insertion of a heavychain variable loop into the substrate-binding pocket inhibits enzyme machinery in a way reminiscent of small-molecule inhibitors. Two of these antibodies, E2 and Ab58, inhibit matriptase and HGFA protease activity, respectively, through direct interaction with the substrate-binding pocket. 16, 18 Here, we describe two new structures of antibody inhibitors in complex with the target protease matriptase. The antibodies are highly potent, selective inhibitors of protease activity: one (A11) newly discovered from a fully humanized fragment antigen binding (Fab) phage display library and the second (S4) previously discovered from a synthetic single-chain variable fragment (scFv) phage display library. 15, 19 The structures of A11 and S4 in complex with matriptase confirm biochemical studies that the antibodies use different interactions with the protease surface loops to selectively inhibit the protease. However, these antibodies directly inhibit the substrate-binding pocket with a similar, newly identified mechanism. These studies demonstrate the utility of the antibody scaffold to identify different approaches for protease inhibition and reveal the significance of a novel reverse orientation inhibitory motif that was identified from both natural and synthetic antibody fragment phage display libraries. Furthermore, the discovery of A11 from a fully humanized Fab library provides a selective agent with potential clinical utility for specific protease inhibition in human cancer.
Results

Identification of a potent matriptase inhibitor from a human Fab library
A Fab phage display library created from human naïve B cells was used to identify inhibitory antibodies against the protease domain of human matriptase. Seven unique antibodies were identified that exhibited inhibitory activity against matriptase in preliminary activity assays with purified protein (Fig. 1 ). Of these, Fab A11 demonstrated the most potent inhibition of matriptase. Analysis of the amino acid sequence shows that A11 has a V H 3 heavy-chain template and a Vκ3 light chain template. The sequences of the hypervariable regions of A11 are shown in Fig. 2 . A11 has a 16-residue heavychain complementarity-determining region 3 (H3) loop, which is longer than the average 12-14 residues H3 loop found in most human antibodies. 20, 21 The unusual length of the H3 loop suggested that it may play a key role in binding to matriptase.
Expression and purification of anti-matriptase Fabs
S4 was raised from a fully synthetic combinatorial scFv phage display library and biochemically characterized previously. 15 The scFv construct proved unsuitable for structural studies; thus, the variable fragment of S4 was transferred to a Fab scaffold by ligating the variable region to a human Fab constant region. 22 The conversion from a scFv to Fab scaffold had minimal effect on the inhibitory potency of the antibody (data not shown). Both recombinant A11 and S4 Fabs were periplasmically expressed in Escherichia coli BL21 (DE3) cells utilizing the original phagemid vector. 22 Purification of the periplasmic fraction over a Ni 2+ column followed by a size-exclusion column yielded approximately 3 mg of protein per liter of growth media. The purified protein was determined to be N 98% pure by SDS-PAGE analysis. To boost the production levels of the A11 Fab for subsequent structural studies, a Trichoderma reesei system was used. This expression system significantly increased the yield of A11 compared to the E. coli system by 60-fold, resulting in a final yield of ∼200 mg/L of culture from the growth media that was N 98% pure by SDS-PAGE analysis. The expression level achieved is higher than the majority of expression levels reported for Fabs and is at the upper end of Fab expression in T. reesei, affirming that T. reesei offers a relatively simple, low-cost system for high expression of Fab antibodies.
23,24
Steady-state kinetics show that A11 is a potent and specific protease inhibitor Steady-state kinetics experiments were performed to investigate the inhibition of matriptase by A11. A11 binds tightly to matriptase and competitively inhibits turnover of a synthetic peptide substrate (Spectrozyme® tPA) with a K I of 720 pM (Table 1) . To determine the specificity of A11 against a panel of related proteases, assays were performed with the serine proteases factor Xa, thrombin, plasmin, tissue plasminogen activator (tPA), urokinase plasminogen activator, HGFA, hepsin, and prostasin. A11 showed no inhibition of these proteases at a concentration of 1 μM. These results confirm the potency and selectivity of A11.
The mouse homologue of matriptase, epithin, shares 93% sequence similarity to matriptase in the protease domain; however, the K I of A11 measured against epithin was 87 nM, 120-fold lower than that of matriptase. The surface of matriptase contains six surface loops that differentiate it from other type II transmembrane serine proteases in sequence and structure (Fig. 3a) . Epithin contains important sequence differences in the 60s, 140s, and 220s protease surface loops, where A11 binds matriptase (see below) that may contribute to reduced A11 potency. The sequence of the 60s loop (QDDKNFKYSDYTM) in epithin contains the most differences in comparison with matriptase (IDDRG-FRYSDPTQ). In the 140s loop, the presence of K145 and E146 charged residues in epithin (Q145 and Y146 in matriptase) may affect the potency of A11 due to its proximity to the S1 pocket and the H3 loop. In the 220s loop, instead of the D217 residue found in matriptase, epithin contains an E217 residue that has been shown previously to be an important interaction point for improving the crossreactivity of the E2 matriptase antibody to epithin. 25 Mutational analysis of matriptase reveals surface loop binding by A11
In order to map the surface interactions of A11 with A11 inhibition of a library of matriptase alanine mutants was tested. The differences in the proteolytic activity of most of these matriptase mutants versus wild type were less than 2-fold. 19 The T98A mutant was 6-fold less efficient than wild type, while the D217A mutant had a 3-fold decrease in proteolytic activity. 19 The results indicate that side chains from four of the six matriptase surface loops are important for binding (Table 2 and Fig. 3b ). Mutations at Asp96 and Phe97 had the largest effect on apparent K I , increasing it to N 1 μM in both cases, which is more than 10 4 -fold over wild type. This partially explains the high selectivity of A11 for matriptase over other related serine proteases. Of the nine additional proteases tested, HGFA has a Phe residue at position 97, and tPA has an Asp residue at position 96. The mouse homologue of matriptase, epithin, is the only protease tested that contains both Asp96 and Phe97. Additionally, mutation of Asp217 showed a large increase in apparent K I to 99 nM, an approximately 250-fold increase. Other point mutants revealed that residues Ile60, Asp60a, Asp60b, Table 2 . Structural figures were generated using PyMOL (Schrödinger, LLC).
Asn95, Tyr146, Glu169, and Lys224 are important for antibody recognition of matriptase; however, these interactions play a much smaller role in A11/ matriptase binding, resulting in a change in apparent K I of between 3-and 6-fold.
The apparent K I values for S4 inhibition against the same library of matriptase alanine mutants were significantly different from those from A11 inhibition ( Table 2 ). The results show that the S4/ matriptase interaction involves a number of important residues on the six protease loops surrounding the active site. 19 However, unlike A11, no surface loop residue contributes critical binding energy. When the fold apparent K I values are mapped onto the surface of matriptase, different binding modes and areas of key importance are observed for A11 and S4 (Fig. 3b and c) . While these point mutants indicate that binding to the surface loops of matriptase is critical for the antibody inhibitor, this is not the case for the canonical serine protease inhibitor bovine pancreatic trypsin inhibitor (BPTI). 19 Mutations to the matriptase surface loops minimally affect the inhibitory activity of BPTI, allowing for the broad specificity of these Kunitztype inhibitors against serine proteases. The importance of the protease surface loops for A11 binding offers an explanation for its highly specific interaction with matriptase.
Point mutations of the H3 loops of A11 and S4 suggest a noncanonical binding motif
The longer H3 loop length and the presence of an Arg-Arg sequence motif in the H3 loop of A11 are similar to those of the E2 Fab, another antibody inhibitor of matriptase (Fig. 2) . This suggests that ArgH100a and ArgH100b (Kabat numbering) of A11 may play a significant role in the binding to matriptase and the direct interaction with the protease S1 substrate-binding pocket in a manner reminiscent of E2/matriptase interactions. 18 Mutations were made to the Arg-Arg motif to investigate the possible role of these residues in matriptase active-site binding. The mutations ArgH100aAla, ArgH100bAla, and ArgH100bLys were made, and the K I values were measured (Table 1) . For ArgH100aAla, the K I was determined to be 1.5 nM, about 2-fold greater than that of the wildtype inhibitor, indicating the limited matriptase binding energy contributed by this residue. However, both ArgH100bAla and ArgH100bLys point mutants had K I values of 180 nM against matriptase. These K I values are 250-fold higher than those of the wild type A11, indicating that ArgH100b plays an important role in matriptase binding.
In contrast, the H3 loop of S4 has only one Arg residue ArgH100b that can interact with the S1 pocket. Mutation of ArgH100b to Ala and Lys residues also exhibited significant effects on protease inhibition with K I values 93-and 110-fold higher, respectively. The change in K I resulting from the more extreme Arg-to-Ala mutation seen with both S4 and A11 demonstrates that ArgH100b is the key residue that interacts with the S1 pocket. However, the more conservative Arg-to-Lys mutation for S4 and A11 also increased the K I values 110-and 250-fold, respectively. This loss of binding can be related to the fact that the original ArgH100b residue is not fully inserted and instead makes a water-mediated hydrogen bond with the Asp residue at the bottom of the S1 pocket (see below). Furthermore, the same rigidity in the H3 loop that positions the ArgH100b residue in this partially inserted position prevents the shorter Lys residue from interacting with the Asp residue.
Matriptase does not cleave A11 under digestive conditions
To further test whether the H3 loop binds in a substrate-like fashion, substrate-like fashion, A11 was incubated with matriptase at both pH 8.0 and pH 6.0. Previous experiments have shown that the incubation of standard mechanism inhibitors with the target protease at low pH can result in cleavage. 19, 26, 27 For A11, matriptase was unable to cleave the Fab at both the standard reaction pH (8.0) and the more acidic pH (6.0), indicating that either A11 does not insert a loop into the active site of matriptase or it is not bound in a substrate-like manner. Conditions lower than pH 6.0 were not tested because matriptase does not tolerate more acidic pH levels. These results along with the findings from the A11 H3 loop mutations suggest that the H3 loop may bind at the active site in a non-substrate-like fashion, thereby avoiding cleavage. S4 was also previously shown to be not cleaved by matriptase under these conditions, 19 further indicating that they may be utilizing similar binding mechanisms.
Three-dimensional structures of the Fab / matriptase complexes confirm surface loop binding and identify specificity interactions
To understand the molecular basis for the potency and specificity of these antibodies, the crystal structures of A11 and S4 in complex with matriptase were determined. Both A11/matriptase and S4/ matriptase crystallized with one copy of the complex in the asymmetric unit. The structure was determined by molecular replacement to 2.1 Å and 1.5 Å for A11/matriptase and S4/matriptase, respectively. As suggested by the mutational analysis above, the inhibitors bind to matriptase and cap the active site through numerous interactions with the protease surface loops ( Fig. 4a and b ; Table 2 ). Furthermore, binding of the antibodies to matriptase did not result in remote conformational changes at either the oxyanion hole or the activating Val16-Asp194 salt bridge.
Both the light-chain and the heavy-chain loops of A11 make significant contacts with the protease surface. In total, A11 buries 1216 Å 2 of surface area (Fig. 4c) . The light chain buries 538 Å 2 of surface area, while the heavy chain is responsible for burying a similar 678 Å 2 of surface area. For the heavy chain, the long H3 loop is responsible for the majority of contacts made with matriptase, burying 466 Å 2 of surface area (69% of heavy chain total). S4 on the other hand has a total buried surface area of 1080 Å 2 , and the heavy chain accounts for 71% of the total buried surface area (767 Å 2 ) with the H3 loop contributing 89% of this total. Although the overall surface area buried for S4 is less than that for A11, S4 is more potent than A11 (K I for S4 = 70.4 pM 19 and K I for A11 = 720 pM). The potency of S4 could be due to the increased binding of the H3 loop surface area (682 Å 2 ) to the protease surface and key interactions between the light chain and the 140s loop of the matriptase. The heavy-chain loops of A11 make contacts with the 60s and 90s loops of matriptase while inserting the H3 loop into the substrate-binding pocket (Fig.  4a) . The heavy-chain complementarity-determining region 1 (H1) loop interacts mainly with the 60s protease loop with the O γ of SerH30 and SerH31 forming hydrogen bonds with the Asp60b side chain. The side chain of AlaH33 also in the H1 loop is involved in a hydrophobic interaction with Phe97, contributing to the importance of this residue within the 90s loop. The heavy-chain complementaritydetermining region 2 (H2) loop also makes hydrophobic interactions with Phe97 through AlaH50 and TyrH58. Additional hydrogen bonds are made from the O γ of SerH52, SerH53, and SerH56 and the side chain of TyrH58 in the H2 loop to the side chains of Asn95 and Asp96 in the 90s loop. On the other half of A11, the Vκ3 architecture of the A11 light chain allows for an extended light-chain complementaritydetermining region 3 (L3) loop, which binds in a groove between the 90s and 170s loop on the protease. TrpL94, in particular, makes significant interactions with the protease 170s loop. The indole side chain of TrpL94 interacts with Thr177 and the ring of Pro178, while the backbone amide makes a strong hydrogen bond with the backbone carbonyl of Gln174 (2.9 Å). In addition, TyrL96 makes a hydrophobic interaction with Phe97. The light-chain complementarity-determining region 1 (L1) loop also makes several contacts with the protease 170s and 220s loops. The O γ of SerL31 hydrogen bonds to Asp217 O δ2 (2.6 Å) and makes a water-mediated hydrogen bond to Lys224 on the protease 220s loop, and the backbone carbonyl of SerL27a forms a 3.0 Å hydrogen bond with N ɛ of the protease Gln174. The light-chain complementarity-determining region 2 (L2) loop is positioned so that it makes no interactions with matriptase.
Unlike A11, the heavy chain of S4 interacts significantly with the 90s, 140s, and 220s protease surface loops, while the light chain interacts mainly with the 140s loop and, to a small extent, the 60s loop (Fig. 4b) . No extensive interactions were observed between the S4 heavy or light chain and the 170s loop or the 90s loop, although a hydrogen bond (2.7 Å) is formed between SerH31 O γ of the H1 loop and Asp96 O δ 2 , and weak hydrophobic interactions are found between IleH53 and PheH54 of the H2 loop and Phe97. The L1 loop binds Tyr146 in the 140s loop via a pi-stacking interaction with TyrL32 and a water-mediated hydrogen bond with the AsnL31 O δ1 , while the H3 loop contributes a water-mediated hydrogen bond with the backbone carbonyl of ArgH100b to Tyr146. The L1 loop also contributes to 140s loop binding via a strong hydrogen bond (2.6 Å) between the TyrL32 O γ and His143 N δ1 . The A11 structure elucidates why Phe97 and Asp96 are hotspots for inhibitor binding, which was suggested by the analysis of the matriptase alanine mutants. The L3 and H2 loops combine to grab the 90s protease loop containing the critical Phe97 side chain in matriptase. Phe97 binds into a hydrophobic cavity formed by TyrH58 of H2 and ProL95a of L3 with an additional cation-pi interaction made between the ArgL91 of L3 and the phenyl ring of Phe97. The A11/matriptase structure reveals that Asp96 is rotated 180°from its position in the apo matriptase structure where it forms the bottom of the S4 pocket. The H1 loop has two serine residues, SerH52 and SerH53, that make hydrogen bonds with Asp96 in the 90s loop. The structural basis for the Asp217 hotspot revealed by the matriptase mutational analysis is not as clear. Although the residue forms a hydrogen bond with the SerL31 O γ of L1, this single interaction alone cannot explain the 250-fold change in the apparent K I ; however, the 3-fold decrease in proteolytic activity of this mutant 19 may help account for this large change. Structural changes to the entire 220s loop from the Ala mutation may explain the interruption of additional interactions with A11.
Unlike the interaction between A11 and matriptase residue Phe97 with the antibody loops forming a clamp around this residue, the S4/matriptase complex does not show a similar binding hotspot. The Phe97Ala mutation had little effect on inhibition by S4 19 since the hydrophobic interactions of the H1 and H2 loops of S4 were fairly weak. In contrast, matriptase residues Phe146 and His143 in the 140s loop appear to be anchor points that interact with residues from both S4 light and heavy chains, which is in agreement with the positions exhibiting the largest changes in the mutational studies. 19 The interaction of the light chain with the 140s loop also explains why the H143A and Y146A mutations exhibit 24-and 20-fold increased apparent K I values compared to the wild type protease. These changes were not observed for A11 and E2. The moderate increase in the apparent K I (13-fold increase) for D96A is due to the loss of a strong hydrogen bond between SerH31 O γ of H1 loop and Asp96 O δ2 . The mutation to D217A also caused a moderate increase in apparent K I (12-fold) due to the loss of a hydrogen bond with ArgH100b carbonyl mediated by two water molecules.
A11 and S4 inhibit matriptase with novel presentation of the H3 loops at the protease substrate-binding pocket
The H3 loops of both A11 and S4 adopt similar conformations in the protease active site (Fig. 5a and  b) . The H3 loop of A11 forms a β-hairpin turn that reaches into the protease active site but makes few contacts with the protease. AlaH99, AlaH100, and ValH100d combine to bury 174 Å 2 of surface area in hydrophobic interactions with the protease as the β-hairpin strand is extended into the active site. At the apex of the turn, A11 has two arginine residues. The C-terminal arginine (ArgH100b) binds sub-optimally, relative to a substrate, in the S1 pocket, while the N-terminal arginine (ArgH100a) extends toward the prime side of the protease active site. This conformation results in the binding of the putative scissile bond in a reverse orientation in the active site, thus explaining the lack of cleavage at this position by the protease (Fig. 6a and b) . In the S1 pocket, ArgH100b makes a 2.8 Å water-mediated hydrogen bond to Asp189 of matriptase (Fig. 5c ). This positioning is in contrast to the typical salt bridge formed by P1 arginine substrates and mimics such as benzamidine, 29 and this is instead similar to the binding of a shorter P1 Lys residue observed in BPTI. The water-mediated interaction explains why the ArgH100bLys mutation is so deleterious to A11 inhibition ( Table 1) . The lysine side chain is one carbon shorter than the arginine side chain; therefore, ArgH100bLys cannot make a similar watermediated hydrogen bond to the Asp residue at the bottom of the S1 pocket. The H3 loop residues do not occupy any additional substrate-binding pockets due to the sharp turn of the loop out of the protease. The potency and specificity of A11 are supplemented by the H1, H2, and L3 loop interactions with protease surface loops.
Similarly, the H3 loop of S4 approaches the matriptase S1 pocket in a way that also extends residue ArgH100b into the binding pocket and presents the putative scissile bond in a reverse orientation (Fig. 5b) . The positioning of residue ArgH100b in the active site is nearly identical with that seen in the A11/matriptase structure, with the side chain making the same water-mediated hydrogen bond with Asp189 on matriptase (Fig. 5c ). S4 has a longer H3 loop than A11 and achieves this reverse orientation positioning with a much more gradual turn to allow for greater interaction between the side chains and matriptase. This results in a higher total buried surface area due to the interactions of the longer side chains of ArgH99, TyrH100a, and ArgH100b residues with matriptase ( Fig. 5d) . The C-terminus of the loop approaches the S1 pocket with ArgH100b followed by a turn that exposes TyrH100a to solvent and extends ArgH100 into the prime side at the P2′ pocket. The next residue ArgH99 skips the S2 pocket and partially inserts into the S3 pocket before exiting the binding pocket (Fig. 6c) .
This novel presentation of the H3 loop at the protease active site in an orientation reverse of that for a standard substrate allows for potent inhibition of matriptase and avoidance of proteolytic inactivation of the A11 and S4 Fabs. In the other antibody/ protease structures available in the Protein Data Bank (PDB) (PDB code 2R0K, HGFA and Ab58; PDB code 2R0L, HGFA and Fab75; PDB code 2ZCH, prostate specific antigen and activating antibody; PDB code 3BN9, matriptase and E2; PDB code 3K2U, HGFA and Fab40; PDB code 3R1G, BACE1 and exosite-binding antibody), this reverse orientation of the H3 loop is not seen nor is the H3 loop involved in inhibition in some cases. The antibodies in 2R0L, 2ZCH, 3K2U, and 3R1G do not target the protease substrate-binding pocket, with the 2R0L, 3K2U, and 3R1G antibodies acting as allosteric inhibitors instead. The H2 loop of Ab58 interacts with a portion of the HGFA substrate-binding pocket but not the S1 pocket. 16 The long H3 loop of E2 inserts into the matriptase substrate-binding pocket but binds in a canonical fashion (Fig. 6d ) that leads to proteolysis of the loop under acidic conditions. 18, 19 Peptides based on H3 loop sequences reveal the importance of the antibody scaffold for matriptase inhibition Given the importance of the H3 loops in inhibiting matriptase, peptides containing the H3 loop sequences of A11, S4, and E2 were synthesized to test for inhibition of matriptase activity independently of the Fab scaffold. A circularized version of the H3 loop peptides was synthesized for analysis. The IC 50 values for the A11, S4, and E2 peptides against matriptase indicate that they are generally weak inhibitors in the circularized version at 0.41 ± 0.01 mM, 0.032 ± 0.005 mM, and 1.3 ± 0.1 mM, respectively (Fig. 7) . This inhibition is substantially weaker than the Fab version and suggests that the Fab scaffold plays an important role in inhibition potency. Follow-up analysis of the peptide IC 50 values after 24 h of incubation with matriptase showed a marked change for the A11 and S4 peptides. The E2 peptides showed little change in IC 50 values after 24 h. Mass spectrometric analysis of the A11 peptides confirmed that the change in IC 50 was the result of near complete cleavage of the A11 peptide by matriptase, with the cleavage event C-terminal to ArgH100a. This result indicates that the A11 peptide may not bind in a reverse orientation as seen in the A11 Fab. The S4 peptide showed modest improvement in inhibition after 24 h, with a decreased IC 50 value of 0.010 ± 0.002 mM. However, partial digestion of the S4 peptide was observed, with the major cleavage event C-terminal to ArgH100b. The slight increase in inhibition over time may be a result of product inhibition from the cleaved peptide. The E2 peptide showed no cleavage after 24 h, supporting the unchanged IC 50 .
Since the H3 loop of A11 makes limited contacts with the protease outside the S1 pocket, it is unlikely that the A11 peptide would adopt the reverse binding orientation without the scaffold and therefore unsurprising that the peptide is cleaved. Furthermore, the H3 loop of A11 buries a small percentage (38%) of surface area relative to the total buried surface area in the matriptase substrate-binding pocket when compared to S4 (63%) and E2 (68%). The H3 loops of S4 and E2 are assisted by more extensive interactions with the substrate-binding pocket, 18 and these contacts make it more likely that the circularized peptide would act as an inhibitor. The weak inhibition exhibited by the E2 peptide in the absence of any cleavage indicates that the sequence may bind in an orientation similar to that of the H3 loop of the Fab, allowing it to avoid cleavage, presumably due to the rigidity provided by the proline residues in the sequence. Since the S4 peptide was the most potent inhibitor out of the three, this suggests that its interactions with the substrate-binding pocket may contribute more significantly to the inhibition of matriptase independent of the entire scaffold, though whether it does so in a reverse orientation is difficult to determine. The cleavage of some of the S4 peptide by matriptase over time suggests that it may not adopt this novel conformation consistently or at all without the aid of the scaffold. While the H3 loop alone contributes to a certain degree to protease inhibition, these results demonstrate that the antibody scaffold plays a significant role in the correct orientation of the H3 loop for inhibition and that additional interactions provided by the remaining Fab loops are necessary to achieve potent inhibition. 
Discussion
As antibodies continue to demonstrate their usefulness in many therapeutic areas, one particular field of recent interest is protease inhibition for treatment of cancer progression. Since proteases have historically been difficult to target selectively with small molecules and macromolecular cognate inhibitors, the high affinity and specificity of antibodies are ideal for this purpose. 30, 31 An emphasis of the current study was to identify selective antibodies that competitively inhibit proteolytic activity. As a result, three different inhibitory antibodies of matriptase that all utilize a long H3 loop with a P1 Arg residue to partially fill the S1 pocket were isolated and characterized. The interaction between the Arg and the Asp residues at the bottom of the binding pocket is mediated by a water molecule, resulting in a binding mode that prevents proteolysis of the Fab. These antibodies are different from the HGFA antibodies that are mostly allosteric inhibitors containing shorter H3 loops. 16, 17 Here, the structural characteristics of specific protease inhibition using A11 and S4 Fabs are revealed. As with many enzyme-inhibiting antibodies, A11 and S4 inhibit substrate binding by capping the active site through interactions with the surrounding surface loops (Fig. 4) . 14, 16, 18 These loops are areas of low homology among trypsin-fold serine proteases and can be targeted with high selectivity by antibodies. Since these antibodies use the surface loop interactions for specificity, this differentiates them from naturally occurring macromolecular protease inhibitors that bind a broader array of proteases by interacting with the highly conserved protease active site. 32 The crystal structures of the A11/matriptase and S4/matriptase complexes reveal a number of similarities with other antibody protease inhibitors for which structures have recently been reported, in particular, the HGFA inhibitor Ab58 16 and the matriptase inhibitor E2. 18 All of these antibodies depend on the protease surface loops for recognition and binding to their target protease. For A11, E2, and Ab58, the 90s loop of the protease and the Phe97 residue, in particular, acts as a key anchor point for these antibodies. However, upon protease capping, the buried surface area of the Ab58/HGFA interaction is considerably less (890 Å 2 ) 16 when compared to A11/matriptase (1216 Å 2 ) and E2/matriptase (1241 Å 2 ) (Fig. 4c) , which are both significantly greater than a typical antibody/antigen interaction (b900 Å 2 ). 28, 33 Ab58 only partially occludes the substrate-binding pocket at the S2 and S3 pockets. 16 Conversely, the matriptase inhibitors fully occlude the substrate-binding pocket and interact with the S1 pocket by inserting a long H3 loop, resulting in the enhanced interactions.
Focusing on the antibody inhibitors of matriptase, a closer similarity in antibody/protease interactions is observed with A11 and E2. A11 and E2 have identical H1 and H2 loops even though A11 was isolated from a naïve human B cell phage display library and E2 was isolated from a fully synthetic phage display library. 15 These loops are critical for anchoring the antibody between the 60s and 90s loops on the surface of matriptase (Fig. 4a) , creating very similar binding footprints for A11 and E2. Most of the interactions in the A11/matriptase and E2/ matriptase complexes are made by nonpolar residues. In contrast, S4 binds matriptase in a different mode and does not utilize the interaction with the 90s loop (Fig. 4b) . S4/matriptase interactions are instead formed by polar residues of the H3 and L1 loops interacting with the 140s loop via a strong network of hydrogen bonds and pi-stacking interactions. S4 is the most potent matriptase inhibitor out of the three, and this may be the result of the increased buried surface area localized to the H3 loop (682 Å 2 ) found in the substrate-binding pocket (Fig. 4c) . Instead of relying on the S1 pocket for critical binding energy and inhibition as with A11 and E2, S4 adopts a unique mechanism where the ArgH99 residue forms a strong salt bridge with Gln175 in the S3 pocket to position the H3 loop in the most energetically stable orientation ( Fig. 5b and  d) . On the other hand, the H3 loop of E2 is the longest of our matriptase inhibitors and adopts a more extended conformation in the matriptase active site when compared to the A11 H3 loop. As a result, the H3 loop of A11 buries less surface area (466 Å 2 ) compared to the H3 loop of E2 (847 Å 2 ) (Fig. 4c) . To compensate for this decrease in buried surface area, A11 utilizes a different light chain. The Vκ3 light chain of A11 buries 538 Å 2 of surface area, while the light chain of E2 buries just 175 Å 2 (Fig.  4c) . Attempts to make a chimera composed of the A11 light chain and the E2 heavy chain that should bury a larger total surface area resulted in reduced affinity (data not shown), indicating that the loops are precisely positioned for each antibody and not interchangeable despite the similarities in the two antibodies.
The discovery and characterization of antibodies that inhibit through H3 loop interactions with the protease active site represent a new approach to specific inhibition of protease activity. The novel, reverse orientation of the H3 loop in the protease active site demonstrates that the antibody scaffold is capable of revealing completely new inhibition mechanisms, suggesting that there are still undiscovered approaches to inhibiting these enzymes. In the case of A11 and S4, interactions with the protease surface loops orient the antibody so that the long H3 loop can be inserted into the protease active site. Interaction of the H3 loop with the active site occurs in a unique fashion, with the H3 loop binding in a reverse orientation while partially inserting an Arg residue into the S1 pocket (Fig. 6) . The reverse orientation combined with the shallow arginine binding at the S1 pocket prevents hydrolysis of the H3 loop while, at the same time, providing critical binding energy. A few cases of reverse binding of peptides near the active site have been recorded, most notably, inhibition of cathepsin pro-peptide and BIR2 domain inhibition of caspase 3 and caspase 7. 34 Although they share some similarities with A11 and S4, the mechanism utilized by our antibodies remains unique, relying upon a direct interaction with the primary substrate-binding pocket of the protease. Even so, the resemblance of this reverse orientation in the mechanism used by BIR2 inhibition 34 of the cysteine proteases caspase 3 and caspase 7 indicates that this approach could also be used in identifying selective active-site inhibitors of protease classes beyond the serine proteases. For example, this approach could be extremely beneficial for the study of metalloproteases and aspartyl proteases, two classes that have been historically difficult to design specific inhibitors against.
Selective protease inhibition is particularly useful in the clinic to target misregulated protease activity responsible for disease pathophysiology. For example, the recombinant polypeptide ecallantide (Kalbitor) approved by the Food and Drug Administration is used to specifically inhibit the serine protease plasma kallikrein that causes acute hereditary angioedema attacks in patients. 35 Moreover, selective protease inhibition may be particularly important in treating and monitoring cancer progression. Matriptase is over-expressed in breast, colon, and prostate cancers. It is normally regulated by its cognate inhibitor HGFA inhibitor-1; however, dysregulation of matriptase activity promotes cancer progression. 36 With the use of matriptase-specific antibodies, protease activity can be monitored in disease to develop a novel approach to follow early-staged malignancies. In the recent work by Darragh et al., the A11 antibody was used as a noninvasive imaging probe to characterize protease activity in vivo in order to define matriptase as an early biomarker to visualize epithelial cancers in preclinical mouse models. 37 Furthermore, the recent discovery of the role of matriptase in squamous cell carcinoma 38 highlights the need for agents that can selectively inhibit protease activity to pharmacologically probe the pathophysiological role of the enzyme and to provide potential therapeutic applications. Here, we have shown that antibodies can provide novel solutions for the selective inhibition of proteases. Our discovery highlights the importance of the antibody scaffold to uncover unique and unpredictable positioning of the inhibitory loops to bind and inhibit protease function in a highly selective manner. The identification of a fully human, inhibitory recombinant antibody A11 validates this approach and reaffirms the use of antibodies for selective inhibition of protease targets in cancer.
Materials and Methods
Identification of inhibitory Fabs from a human phage display library A Fab library created from naïve B cells was used to identify inhibitory antibodies against the human matriptase protease domain (hMT-SP1). 39 Active matriptase was immobilized in wells of a 96-well ELISA plate. The panning was accomplished in three rounds with increasing stringency against hMT-SP1 adsorbed to wells. ELISAs were performed to verify binding of the identified Fabs to hMT-SP1. ELISA-positive clones were expressed, purified, and tested for inhibition of matriptase. Individual clones were sequenced to verify their uniqueness.
Protein expression and purification from E. coli
Matriptase and matriptase mutants were expressed in E. coli and purified as previously described. 6, 19 S4 was cloned into the Fab scaffold following a procedure similar to that described in Farady et al.
18 A11 and S4 Fabs were expressed in E. coli BL21 (DE3) cells. Cultures were grown in 1 L of 2× YT containing 100 μg/mL ampicillin and 0.1% glucose at 37°C and 250 rpm to an OD 600 of 0.6-0.8. The temperature was then reduced to 25°C, and the cultures were induced with the addition of 0.5 mM IPTG. After 18 h of growth, the bacteria were harvested and pelleted by centrifugation. The cells were resuspended in 25 mL of buffer containing 0.2 M Tris (pH 8.0), 0.5 mM ethylenediaminetetraacetic acid, and 0.5 M sucrose. The resuspended solution was left on ice for 1 h. The solution was then pelleted, and the periplasmic fraction was run over a Ni 2+ column prewashed with wash buffer [50 mM Tris (pH 8.0) and 250 mM NaCl]. The Ni 2+ column was then washed with 10 column volumes of the wash buffer, and the Fab was eluted with 250 mM imidazole in 50 mM Tris (pH 8.0) and 100 mM NaCl. Size-exclusion chromatography was carried out on the eluted A11 using a Superdex S75 26/60 with a 50 mM Tris (pH 8.0), 100 mM KCl, and 5% glycerol buffer.
Site-directed mutagenesis of A11and S4 antibodies A11 mutants ArgH100aAla, ArgH100bAla, and ArgH115bLys and S4 mutants ArgH100bAla and ArgH100bLys were all created using the QuikChange™ kit from Stratagene. Sequences were verified by DNA sequencing. Expression and purification of A11 and S4 mutants were carried out as described above.
T. reesei expression vector construction
Two independent expression vectors were constructed: one for expression of the Fab heavy chain (pCBHIxFabA11 H1) and one for the light chain (pCBHIxFabA11 L1). In each case, the Fab chains were produced as fusion proteins with the T. reesei CBHI (cellobiohydrolase I; cel7a) catalytic core and linker region. A Kex2 cleavage site (Val Ala Val Tyr Lys Arg) was positioned between the CBHI and the Fab chain to allow cleavage of the fusion protein after the Arg residue and release of the Fab chain during secretion.
The following segments of DNA were assembled in the construction of pCBHIxFabA11 H1 and pCBHIxFabA11 L1. The T. reesei cbh1 promoter and coding region start at a naturally occurring XbaI site approximately 1500 bp upstream of the coding region. The synthetic, codon-optimized coding region for each Fab chain was fused to the end of the CBHI linker region at a created SpeI restriction site (see below). Immediately after, the Fab stop codon was an AscI restriction site followed by the T. reesei cbh1 terminator region (356 bp). This was followed by a 2.75-kb fragment of Aspergillus nidulans genomic DNA, including the promoter, coding region, and terminator of the amdS (acetamidase) gene. The above DNA fragments were inserted in pNEB193 (New England Biolabs, Inc., USA) between the XbaI and KpnI sites of the multiple cloning site.
The following changes were made within the cbh1 open reading frame. The codon for amino acid 212 of the mature CBHI protein was changed from GAG (glutamic acid) to CAG (glutamine), resulting in production of an inactive form of CBHI. Within the coding region for the CBHI linker, a change was made to create a SpeI restriction site. This altered the DNA sequence from ACCCAG to ACTAGT, changing the amino acid sequence at the end of the CBHI linker region from Thr Gln to Thr Ser. The Gln in this sequence represents the first amino acid of the cellulose binding domain of CBHI.
T. reesei transformation T. reesei GICC20000150 was derived from strain RL-P37 40 by sequential deletion of the genes encoding the four major secreted cellulases (cel7a, cel6a, cel7b, and cel5a). Transformation was performed using a Bio-Rad Laboratories, Inc. (Hercules, CA) model PDS-1000/He biolistic particle delivery system according the manufacturer's instructions. Transformants were selected on solid medium containing acetamide as the sole nitrogen source. For antibody production, transformants were cultured in a liquid minimal medium containing lactose as carbon source as described previously, 41 except that 100 mM piperazine-N,N′-bis(3-propanesulfonicacid) (Calbiochem) was included to maintain the pH at 5.5. In order to produce Fab, it was necessary for transformants to have taken up both the heavy-chain and the light-chain expression vectors. However, both expression vectors had the same amdS selectable marker; thus, it was not immediately possible to recognize co-transformants. Culture supernatants were analyzed by SDS-PAGE under reducing conditions, and those that contained the highest level of a 25-kDa band (representing heavy and/or light chain) and an apparent 60-kDa band (representing the CBHI core and linker) were selected for further analysis. 0) and 500 mM NaCl. The elution was buffer exchanged into 100 mM Mes (pH 5.5) and 50 mM NaCl and was loaded onto a MonoS HR 5/5 column. The column was washed with Wash Buffer 1 followed by Wash Buffer 2. Elution was then carried out in a 0-100% gradient of Wash Buffer 2 to Wash Buffer 2 containing 500 mM NaCl. Further purification was carried out on a Superdex 75 26/60 size-exclusion column with a 50 mM Tris (pH 8.0), 100 mM KCl, and 5% glycerol buffer.
Steady-state kinetics
Kinetics were carried out as previously described. 19 Briefly, all reactions were carried out in 50 mM Tris (pH 8.8), 50 mM NaCl, and 0.01% Tween-20 in a 96-well, medium binding, flat-bottomed plate (Corning) where cleavage of substrate Spectrozyme® tPA (hexahydrotyrosyl-Gly-Arg-pNA; American Diagnostica, Greenwich, CT) was monitored in a UVmax Microplate Reader (Molecular Devices Corporation, Palo Alto, CA). K I values were measured using the tight binding inhibition equations of Williams and Morrison. 42 When measuring the effect mutations to matriptase had on the strength of the interaction between the protease and inhibitor, IC 50 values were used instead of K I values. Reactions to determine the IC 50 values were carried out by incubating 0.2 nM enzyme with inhibitor for N 5 h to assure steady-state behavior of the system. Apparent K I values were then calculated from IC 50 values as shown previously in order to normalize the IC 50 with respect to the strength of the protease/substrate interaction. 43 Inhibitory activity against related proteases was measured using a similar assay monitoring the cleavage of a p-nitroanilide substrate. Thrombin, factor Xa and plasmin (Haematologic Technologies, Inc., Essex Junction, VT) at 10 nM concentration were incubated with 1 μM Fab, and the reaction was monitored using 1 mM substrate T1637 (Sigma, St. Louis, MO). The enzymes, tPA and uPA (American Diagnostica) at 10 nM concentration were incubated with 1 μM Fab, and the reaction was monitored using 1 mM Spectrozyme® tPA and 400 mM Spectrozyme® UK (American Diagnostica), respectively. Hepsin and prostasin (R&D Systems, Minneapolis, MN) at 1 nM and 5 nM concentration respectively were incubated with 1 μM Fab, and the reaction was monitored using 0.5 mM Spectrozyme® tPA. KaleidaGraph 3.6 was used to fit all graphs and equations (Synergy Software, Reading, PA).
A11 inhibitor digestion
The digestion of A11 by matriptase was carried out as previously described. 19 A11 was incubated at 2 μM with 0.1 nM matriptase in either 100 mM Mes (pH 6.0) and 100 mM NaCl buffer or 50 mM Tris (pH 8.0) and 100 mM NaCl. After 120 h, the samples were run on a 4-20% Tris glycine SDS-PAGE gel (Invitrogen) to visualize.
Crystallization and data collection A11 and S4 was incubated with matriptase at 1:1 molar ratio, and the complex was purified by gel filtration using a Superdex S75 26/60 column in a buffer containing 50 mM Tris (pH 8.0), 100 mM NaCl, and 5% glycerol. The purified complex (A11/matriptase and S4/matriptase) was then concentrated to ∼ 15 mg/mL. Initial crystallization conditions were discovered using a Mosquito nanoliter-scale robot (TTP Labtech). The A11/matriptase complex was crystallized in 16% polyethylene glycol (PEG) 3350, 0.23 M MgSO 4 , 0.4% isopropanol, 3% glycerol, and 0.12 M AmSO 4 in hanging drop by vapor diffusion. Crystals belonging to the hexagonal space group P6 4 (a = b = 130.6 Å and c = 96.9 Å; β = 90.0°) grew in 3 days and were cryoprotected in the mother liquor supplemented with 30% sucrose. Needle-like crystals of the S4/matriptase complex were grown from 0.2 M NaCl, 25% PEG 3355, and 1% ethyl acetate as additive at 25°C using the hanging drop vapor diffusion technique. These crystals belong to the monoclinic space group P2 1 (a = 39.2 Å, b = 84.0 Å, c = 101.4 Å; β = 91.5°), diffract X-rays to beyond 1.5 Å resolution, and have one molecule in the asymmetric unit. The S4/matriptase crystals were transferred to 0.2 M NaCl, 25% PEG 3355, 1.0% ethyl acetate, and 25% ethylene glycol. Diffraction data were collected at beamline 8.3.1 at the Advanced Light Source at Lawrence Berkeley National Laboratory Numbers in parentheses represents the highest-resolution shell. ALS, Advanced Light Source a R sym = (∑|(I − 〈I〉)|/∑I), where 〈I〉 is the average intensity of multiple measurements. b R work = (∑|(F obs − F calc )|/∑|F obs |). c R free = R work based on ∼ 1000 (at least 5%) of reflections excluded from refinement. d Ligands/ion are ethylene glycol, Na, and Cl in S4/matriptase and glycerol and sucrose in A11/matriptase. e Calculated using PROCHECK. 44 
